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ABSTRACT During the discharge of a lithium-sulfur (Li–S) battery, an electronically 

insulating 2D layer of Li2S is electrodeposited onto the current collector. Once the current 

collector is enveloped, the overpotential of the cell increases and its discharge is arrested, often 

before reaching the full capacity of the active material. Guided by a new computational platform 
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known as the Electrolyte Genome, we advance and apply benzo[ghi]peryleneimide (BPI) as a 

redox mediator for the reduction of dissolved polysulfides to Li2S. With BPI present, we show 

that it is now possible to electrodeposit Li2S as porous, 3D deposits onto carbon current 

collectors during cell discharge. As a result, sulfur utilization improved 220% due to a 6-fold 

increase in Li2S formation. To understand the growth mechanism, electrodeposition of Li2S was 

carried out under both galvanostatic and potentiostatic conditions. The observed kinetics under 

potentiostatic conditions were modeled using modified Avrami phase transformation kinetics, 

which showed that BPI slows the impingement of insulating Li2S islands on carbon. 

Conceptually, the pairing of conductive carbons with BPI can be viewed as a vascular approach 

to the design of current collectors for energy storage devices: here, conductive carbon “arteries” 

dominate long-range electron transport, while BPI “capillaries” mediate short-range transport 

and electron transfer between the storage materials and the carbon electrode.  

 

Promising next-generation battery chemistries, including lithium-sulfur (Li–S)
1–4

 and 

lithium-air (Li–O2),
5–8

 rely on dissolution-precipitation as a mechanism to release and store 

charge in the cathode. In both cases, the discharge products are electronically insulating
9–13 

(absent defects in the deposits
14–16

). The insulating nature of these deposits can contribute to poor 

rate capability, low active-material utilization,
 
and high polarization, which reduce overall 

energy efficiency.
17–19

 Charge-transport and charge-transfer bottlenecks in these electrochemical 

cells are eased through the use of electronically-conductive, high surface-area electrodes;
20–29 

many electrode architectures have been reported yielding high-performance Li–O2 cells,
30–33

 

composite sulfur cathodes
34–37 

and flowable sulfur catholytes for redox flow batteries
38–40

. 

Page 2 of 27

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3

Despite these advances, challenges remain in controlling the electrodeposition of the 

electronically-insulating solid phase (i.e., Li2S for Li–S cells, and Li2O2 for Li–O2 cells) to 

maintain an accessible electrode surface, which is critical to cell performance.  

Here we show that Li2S electrodeposition on carbon current collectors can be redirected 

away from thin 2D layers, and instead toward micron-sized, porous 3D deposits when 

benzo[ghi]peryleneimide (BPI) is present as a redox mediator (Figure 1). Key to the design of 

the redox mediator is that the reduction potential of BPI is slightly less than the plateau voltage 

where the reduction of Li2S4 → Li2S occurs. When BPI is reduced at the electrode surface and 

given time to diffuse away, it can reduce dissolved polysulfides to Li2S remotely. With BPI 

present in the electrolyte, a 6-fold increase in Li2S formation capacity was observed, leading to 

an impressive 220% increase in overall sulfur utilization. Ex situ analysis of Li2S 

electrodeposition at different stages of discharge showed divergent trajectories for Li2S 

nucleation and growth in the absence vs. presence of BPI. Kinetic studies linked the increased 

sulfur utilization to BPI’s ability to slow the impinging growth of Li2S on the carbon electrode. 

By pairing conductive carbons with organic redox mediators, we gain access to hierarchical 

electrodes reminiscent of biological vasculature,
41–45

 where conductive carbon “arteries” 

facilitate long-range electron transport while BPI “capillaries” mediate short-range transport and 

electron transfer between the storage materials and the current collector. 
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Figure 1. A) Schematic representation of the electrodeposition of Li2S onto C cloth in the 

absence (left) and presence (right) of the redox mediator, BPI. B) and C) Scanning electron 

micrographs of Li2S deposited on C cloth after battery discharge without BPI. D) and E) SEM 

micrographs of Li2S deposited on C cloth after battery discharge with BPI redox mediator The  

scale bars are in 10 µm B) and D)  and  2 µm and C) and E).  

 

While soluble redox mediators have been explored widely for metal-air batteries,
46–52

 

their application in Li–S batteries is still nascent. The redox chemistry of sulfur in Li–S cells is 

observed as two electrochemically distinct steps, a low-potential event ~2.1 V vs. Li/Li
+ 
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attributed to the interconversion of Li2S4 and Li2S and a high-potential event ~2.5 V vs. Li/Li
+ 

attributed to the interconversion of S8 and Li2S4.
53–57

 Paramount to the design of any redox 

mediator for Li–S cells is the careful matching of the mediator’s electrochemical potential to 

either of these interconversion events. With respect to the former, Aurbach et al. have shown that 

redox mediators can lower the overpotential required for the initial activation of solid-state Li2S 

cathodes.
58

 With respect to the latter, we have recently reported that perylene bisimides (PBI) 

serve as redox mediators for the high-voltage plateau. While sulfur utilization was enhanced by 

31%,
45

 this voltage window represents only 25% of the total theoretical capacity of sulfur. 

Therefore in this work, our focus turned to identifying a redox mediator for the 2.1 V (vs. Li/Li
+
)

 

reduction event, where Li2S4 reduction results in Li2S precipitation onto the current collector. 

Although three-quarters of the theoretical capacity of sulfur is gained in this region, there are no 

reported redox mediators to facilitate Li2S electrodeposition.  

Our discovery of BPI as a redox mediator for Li2S electrodeposition was informed by a 

robust computational platform known as the Electrolyte Genome that allowed us to screen the 

redox chemistry of polycyclic aromatic hydrocarbons (PAHs). PAHs are ideal redox mediators, 

owing to an exceptionally low reorganization energy required for their reduction and 

oxidation.
59–61

 In our previous work, we screened the electron affinities (Eea) and ionization 

potentials (Ei) of over 80 PAHs—including acenes, phenylenes, rylenes, coronenes, and 

benzoperylenes.
45

 This library helped us identify PAHs with imide substituents that could be 

further elaborated upon to tune the Eea so these molecules can serve as redox mediators for Li2S 

electrodeposition. To refine the library and understand how the number and placement of imide 

functional groups would impact Eea, a focused library of 20 additional PAH molecules was 

screened to hone in on a structure with a reduction potential (Eea) of ~1.8–2.0 V vs. Li/Li
+
. This 
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 6

reduction potential was targeted because it would provide sufficient driving force for Li2S 

formation without sacrificing cell power.  

Electron affinities were obtained from the calculated energy difference between the 

neutral and the anion state of the molecule. All calculations were performed at the M11/6-

31+G*/PBE-D3/6-31+G* level,
62,63

  which has previously been shown to yield reliable relative 

trends for redox potentials across thousands of molecules
 
(for more details, see SI).

64,65
 Trends 

from the computational results show that increasing the size of the aromatic core from perylene 

to benzoperylene to coronene lowers the reduction potential from 1.07 to 0.78 to 0.50 V vs. 

Li/Li
+
. On the other hand, increasing the number of electron-withdrawing groups raises the 

reduction potential; the addition of one imide substituent raises the reduction potential >0.9 V, 

and additional imide substituents beyond that increase Eea by an additional 0.5 V at most. In 

general, the placement of the electron-withdrawing imide substituents around the PAH core 

results in only small differences in Eea. By balancing the effects of the size of aromatic core and 

number of electron-withdrawing groups, several candidates were found with calculated Eea 

values between 1.8 and 2.0 V vs. Li/Li
+ 

(Figure S1). Due to its synthetic accessibility, the BPI 

structure was chosen for further study (Figure 2A).  

Guided by these predictions from the Electrolyte Genome, we designed and synthesized 

gram-scale quantities of a new N-aryl-substituted benzo[ghi]peryleneimide (BPI, Scheme S1) 

bearing two tri(ethylene oxide) substituents. These substituents provided for BPI solubility in 

ether-based electrolytes commonly used in Li–S cells. Owing to the single imide substituent, BPI 

undergoes a single electron reduction in the operating window of the Li–S battery (1.8–2.8 V vs. 

Li/Li
+
), leading to an open-shell radical anion (BPI

•–
). Using cyclic voltammetry in diglyme-

based electrolyte, we determined the reduction potential (E1/2) of BPI to be 1.980 V vs. Li/Li
+
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 7

(Figure 2B, orange trace), which agreed well with the calculated value of 1.99 V vs. Li/Li
+ 

when 

a Li
+
 counter-ion was included in the calculation (Figure S1). Thus, BPI provides ~100 mV 

driving force for the reduction of sulfur species. This small overpotential ensures that BPI should 

be able to reduce all sulfur species to Li2S, but is not expected to significantly lower the 

operating voltage of the Li–S cell. 

 

 

 

Figure 2. A) Chemical structure of the redox mediator BPI (inset) and SEM micrograph of BPI 

dropcast onto C cloth and dried under vacuum. Scale bar = 2 µm. B) Cyclic voltammograms of 

BPI (orange trace, 2.5 mM BPI) and Li2S8 (black trace, 12 mM sulfur) at 1 mV s
–1

. The 

electrolyte is 0.50 M LiTFSI and 0.15 M LiNO3 in diglyme, with a glassy C working electrode 

and lithium reference and counter electrodes. C) Second cycle discharge and charge profiles of 
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 8

Li–S cells at a C/8 rate in the absence (black trace) or presence (green trace) of BPI redox 

mediator.  

 

BPI can be introduced to Li-S cells by dissolution in the electrolyte or by dropcasting 

onto C cloths (3% w/w BPI with respect to the sulfur catholyte), with similar results. Our 

implementation of C cloth electrodes, which feature 8 micron-thick carbon fibers, were chosen 

because they allow for careful visualization of Li2S electrodeposition throughout the battery’s 

operation. A hierarchical morphology of the BPI-C cloth hybrid in the dry state was apparent in 

the scanning electron micrograph (Figure 2A) where BPI assemblies, microns in length and 

formed through π-stacking of the aromatics, both covered and traversed the larger-diameter 

carbon fibers. Once polysulfide-containing electrolyte is added, these nanowire assemblies are 

expected to dissolve and circulate into the electrolyte volume, with the persistence length of the 

assemblies considerably shortened.
66,67

  

To ascertain whether BPI has an affect on Li2S electrodeposition, galvanostatic cycling 

was carried out on Li–S cells (Swagelok type) prepared with dissolved polysulfide cathodes 

alongside C cloth electrodes either with or without BPI. In the absence of BPI, the first complete 

discharge capacity was 316 ± 18 mAh g
–1

 S (N = 16). On the other hand, with BPI present (3% 

w/w with respect to catholyte), the capacity increased to 691 ± 18 mAh g
–1

 S (N =16). This 

corresponds to an impressive 2.2-fold increase in discharge capacity (Figure 2C). Notably, this 

increase in capacity was due to a greatly extended 2.0 V-plateau, indicative of increased Li2S 

formation as would be predicted for BPI were it serving as a redox mediator. No difference in 

cell performance was observed when BPI was introduced to the system by dissolution in the 
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 9

electrolyte as opposed to dropcasting on C cloth. Cells with dissolved BPI show a discharge 

capacity of 696 ± 41 mAh g
–1

 S (N = 7), indicating that BPI on the C surface is not simply 

serving as a nucleation point for Li2S. Further experiments were conducted with the BPI dropcast 

onto C cloth for ease of cell assembly.  

To quantify the respective gains in capacity between the high- and low-voltage regimes, 

we divided the discharge curve between the soluble regime (S8 + 4 Li
+
 + 4 e

–
 → 2 Li2S4) and the 

Li2S precipitation plateau (Li2S4 + 6 Li
+
 + 6 e

–
 → 4 Li2S) at the position of the dip in the 

discharge curves at ~2.0 V in Figure 2C, which is attributed to the overpotential required for 

nucleation of Li2S.
68 

The average capacities for the soluble regime are essentially identical 

(within error): 242 ± 18 mAh g
–1 

S without BPI and 250 ± 18 mAh g
–1 

S with BPI. However, the 

average capacity for Li2S electrodeposition was 446 ± 12 mAh g
–1 

S with BPI present, whereas it 

was only 74 ± 2 mAh
 
g

–1
 S for cells lacking BPI. Thus, the presence of BPI redox mediator 

resulted in a 6-fold increase in Li2S electrodeposition. Additional control experiments confirmed 

that both redox mediator and C cloth are essential for the observed enhancement in sulfur 

utilization (Figure S4). Battery rate tolerance (Figure S5) and cycling data (Figures S6 and S7) 

are shown in the Supporting Information.  

In order to better understand nucleation and growth of Li2S on C cloth with BPI present, 

we carried out ex situ analysis of Li–S cells at different states-of-charge (SOC). At specified 

points along the discharge and recharge (Figure 3A), we disassembled the cells, retrieved the C 

cloth from those cells, washed away the electrolyte containing salts, polysulfides and BPI, and 

then imaged the Li2S discharge products using scanning electron microscopy (SEM); we also 

collected energy-dispersive x-ray (EDX) spectra of those samples to verify the chemical identity 

of the discharge products. Upon nucleation (Figure 3A, Point 1), small islands of Li2S were 
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 10

distributed over the C microfibers both when BPI was present (Figure 3F) and absent (Figure 

3B) from the cell. The presence of a soluble redox mediator is not expected to change Li2S 

nucleation, and does not appear to do so here. With BPI present, a globular Li2S morphology 

started to form (Figure 3G) mid-way though the 2.0 V plateau (Point 2), yet the underlying C 

cloth remained visible. On the other hand, without BPI present, islands of Li2S began to impinge 

(Figure 3C), leaving little of the C surface available for further redox chemistry with dissolved 

polysulfides. By the end of discharge (Point 3), the carbon cloth from the cells with BPI showed 

even larger, porous Li2S deposits, up to 3.8 µm, growing outward until the underlying carbon 

cloth current collector was no longer visible (Figure 3H). EDX spectra were consistent with the 

assignment as Li2S or insoluble polysulfide species (Table S1). These porous 3D growths of Li2S 

at the end of the discharge were substantively different from the thin, conformal coatings 

observed when BPI was absent (Figure 3C)—such conformal coatings are consistent with 

previous studies.
68

 A similar change in morphology of Li2O2 has been observed when a soluble 

redox mediator is used in Li-air cells.
51

 Upon charging to 100% SOC (Point 4), scant Li2S 

remains on either carbon surface, without or with BPI added, as expected after complete 

oxidation of Li2S (Figure 3E and 3I, respectively). 
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 11

 

Figure 3. Progressive electrodeposition of Li2S on C cloth, imaged at different states-of-charge 

in Li–S cells with BPI absent (left) and BPI present (right) A) The first discharge/charge cycle at 

C/8 rate. States-of-charge are indicated as Points 1–4 where separate cells were stopped to image 

the Li2S deposits on the C cloth. SEM images of Li2S electrodeposition on C cloth from a cell 

without BPI are shown: B) at nucleation (Point 1); C) during the Li2S voltage plateau (Point 2); 

D) at the end of discharge (Point 3); and E) after recharge (Point 4). SEM images of Li2S 
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 12

electrodeposition on C cloth from a cell with BPI: F) at nucleation (Point 1); G) during the Li2S 

voltage plateau (Point 2); H) at the end of discharge (Point 3); and I) after recharge (Point 4). 

Scale bars = 500 nm. 

 

 

Figure 4. Current transients during the potentiostatic deposition of Li2S on C cloth. Cells were 

first discharged to 2.09 V, and the time plot starts upon lowering the voltage to 1.95 V (A) or 

2.00 V (B). Solid lines indicate cells containing BPI and dashed lines indicate cells without BPI.  

Current densities are shown in black and capacities are shown in blue.  
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 13

The growth trajectory of these 3D deposits involves reduction of BPI at the C cloth 

surface, followed by diffusion and circulation of BPI
•–

 into the catholyte solution where it 

reduces polysulfides to Li2S which can deposit onto either Li2S or C surfaces resulting in the 

observed 3D morphologies. This process is competitive with the direct reduction of polysulfides 

at the electrode surface, which instead coats the C surface in thin conformal layers. To 

understand the relative rates of these competitive processes, we further studied these Li–S cells 

under potentiostatic discharge. To do so, the cells were initially discharged potentiostatically to 

2.09 V to reduce all S8 and higher order polysulfides to Li2S4 (nominally), in order to study only 

the electrodeposition of Li2S. The current was then monitored over time upon lowering the 

potential to either 2.00 or 1.95 V to provide a driving force for Li2S nucleation and growth 

(Figure 4). In both cases, the current trended towards 0 whether or not BPI was present, which 

indicated that sulfur utilization is ultimately limited by impingement of insulating Li2S blocking 

the carbon surface. If Li2S were to continue to be reduced after the electronically conductive C 

cloth surface were covered, a horizontal asymptote would instead be expected at a current 

density > 0 mA cm
–2

. At 1.95 V, the current density peaks at a higher value and at a later time 

when BPI is included, leading to a 3.1-fold increase in capacity due to Li2S deposition (Figure 

4A). At 2.00 V, while the cell with BPI does not obtain a higher current density than without 

BPI, this current density is maintained for much longer when BPI is present, leading to a 5.5-fold 

increase in capacity due to Li2S deposition (Figure 4B).  

The potentiostatic electrodeposition of Li2S was fit by a current density (J) vs. time (t) 

relation of the form:   

   
�
��
= � �

��
+ �� 	
� �− �

� �
��
���
− 1��           (1) 
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where Jm and tm are the maximum current density and the time at which the maximum current 

density occurs, respectively.
69,70 

Equation 1 is a modified form of the Avrami equation that 

models instantaneous nucleation of Li2S and growth of islands to impingement. The exponential 

term represents the probability that a given area of the electrode remains uncovered by Li2S and 

is therefore available for reaction. The term c accounts for additional current due to the redox 

mediator; when no redox mediator is present c = 0, but this term is required when BPI is present 

(c = 1.24 at 1.95 V and c = 0.14 at 2.00 V). This model fits the data both with and without redox 

mediator, indicating that in both cases the current is proportional to the remaining free surface of 

carbon. This implies that both with and without redox mediator, impingement of insulating Li2S 

deposits covering the carbon surface ended discharge prior to reaching the theoretical limit; 

however, the addition of BPI redox mediator dramatically enhanced sulfur utilization prior to 

impingement.  

The width of the peak fit by equation 1 can be used to determine the rate constant of 

lateral growth of Li2S, k (where lateral growth is the disappearance of C surface available for 

reaction). 

    �� = �2��������/�             (2) 

where N0 is the areal density of nuclei. The term N0k
2
 can be compared as an effective rate 

constant for coverage of the C cloth surface by Li2S. Without redox mediator, N0k
2
 = 4.21 x 10

–6
 

s
–2

 and 2.52 x 10
–6

 s
–2

, at 1.95 and 2.00 V, respectively, and with redox mediator, N0k
2
 = 1.51 x 

10
–7

 s
–2  

and 2.35 x 10
–8

 s
–2

, at 1.95 and 2.00 V, respectively. Addition of BPI results in a 28-fold 

reduction in the coverage rate at 1.95 V and a 107-fold reduction at 2.00 V. In both cases, having 

the soluble redox mediator slows the coverage of C cloth surface by allowing deposition of Li2S 
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 15

onto previously formed Li2S and not just at the carbon surface. The coverage of the C surface is 

likely slowed by (1) direct competition between BPI and polysulfides for reduction at the carbon 

surface, and (2) BPI
•–

 intercepting incoming soluble polysulfides and reducing them to Li2S 

away from the C cloth surface, effectively lowering the local concentration of polysulfide at the 

carbon surface.  

In conclusion, with a redox mediator that is tuned to the potential of Li2S 

electrodeposition, we are able to mitigate the limitations imposed by the surface area required for 

nucleation and growth of Li2S by providing a new mechanism for Li2S deposition. Both the 

potentiostatic and galvanostatic discharge experiments confirm that the addition of 3% (w/w) BPI 

redox mediator increases the amount of Li2S produced 6-fold. By adding an equivalent mass of C 

cloth, only an additional 24 mAh/g S could be added to the capacity, based on the additional 

surface area available for 2D deposition of Li2S. Without BPI, polysulfides are reduced at the C 

cloth surface to form an insulating, conformal coating of Li2S, but with redox mediator, BPI 

reduces polysulfides to Li2S away from the surface, allowing deposition of Li2S not only on the 

C cloth surface, but on previously deposited Li2S. This forms porous, 3-dimensional structures of 

Li2S and delays coverage of the electroactive C cloth with an insulating Li2S layer that ends 

discharge. This implies that for a given amount of Li2S formed during cycling, less conductive 

carbon additive should be required, allowing for a greater percentage of the battery to be 

dedicated to active material. With an understanding of the mechanism by which BPI redox 

mediator extends sulfur utilization, rapid development of Li–S cells with an increased energy 

density is underway though the integration of BPI with high surface area current collectors at 

high sulfur loadings.  

 

Page 15 of 27

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 16

Supporting Information. Synthesis, characterization, and experimental details. This material is 

available free of charge via the Internet at http://pubs.acs.org 
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